Introduction
Endophytic bacteria have no visibly harmful effects on their host but can be detected inside surface-sterilized plants or extracted from inside plants. It has been demonstrated that endophytic bacteria can have beneficial effects on the host plant, including the promotion of plant growth (Compant et al. 2010; Couillerot et al. 2012; Luo et al. 2012) , nitrogen fixation (Lin et al. 2012) , and the induction of resistance to pathogens (Franken 2012; Ryan et al. 2008) and to abiotic stress (Franken 2012; Ryan et al. 2008 ). It has also been shown that endophytic bacteria have the potential to enhance the removal of xenobiotic compounds and play an important role in phytoremediation (Germaine et al. 2006; Ho et al. 2012; Weyens et al. 2009 ).
The living conditions of host plants may influence the endophytic bacterial community. The endophytic bacterial communities in plants such as rice and cucumber change with the growth stages of the plant since the internal environment of the plant seems to change as the plant develops (Mahaffee and Kloepper 1997; Mano et al. 2007 ). The internal environment of plants could also be influenced by salt stress, which is associated with low osmotic potential, nutrient limitation, hormonal imbalance and the induction of oxidative stress (Gorai et al. 2011) . Endophytic bacteria can alleviate salt stresses in plant by producing phytohormones that activate cellular responses to stress and by the catabolism of molecules related with stress signaling (Cohen et al. 2008; Karthikeyan et al. 2012) . However, the influence of salt stress on endophytic communities is largely unexplored.
The common reed, Phragmites australis, is a salttolerant hydrophyte that is widely distributed in coastal regions, often forming extensive monocultures extending seawards into lower tidal regions. Due to its ability to flourish in freshwater marsh, salt marsh and tidal flats, P. australis has been widely used in constructed wetlands for wastewater treatment (Li et al. 2010) . The internal environment in P. australis differs from most other plants in that a relatively constant osmotic potential is maintained by downward transportation of Na ? from stem to root (Vasquez et al. 2006) . Therefore, different tissues of this plant species may provide specialized environments for prokaryotic colonizers. Although the diversity of endophytic bacteria in the roots of P. australis have been investigated by clone library analysis of the 16S rRNA gene (Li et al. 2010) , and culturable endophytic bacteria from different tissues of P. australis have been molecularly identified , little is known about the whole endophytic bacterial community in leaves, stems and roots of the plant. Although endophytic archaea have been detected in plants such as maize (Zea mays) (Chelius and Triplett 2001) and rice (Oryza sativa) (Sun et al. 2008) , it is not known if they are present in P. australis.
In this study, we test the hypothesis that endophytic bacterial and archaeal communities within P. australis vary among different tissues of the plant and are affected by the salinity of the environment in which the plant is growing. In order to investigate this, different plant tissues (root, stem, leaves) were sampled from P. australis growing in the middle, high or supratidal zones of a coastal wetland in the Yellow Sea Delta in northern China. Endophytic prokaryote communities were analyzed by terminal restriction fragment length polymorphism (T-RFLP) profiling of 16S rDNA.
Materials and methods

Study area and sampling
Samples were collected from the Yellow River Delta, northern Shandong Province, China. The region of the Yellow River Delta (118.6°E-119.3°E, 37.6°N-38.2°N) is characterized by a temperate, semi-humid, continental monsoon climate, with an average air temperature 11.7-12.6°C, annual evaporation 1,962 mm, and precipitation 530-630 mm. About 70 % of precipitation is rainfall during May to July. As a result of sediment deposition from the Yellow River, *1,300 ha of new coastal wetland are formed each year.
Three sampling sites representing a salinity gradient were selected from within the intertidal zone, one each from the middle tide zone (salinity 5.2 %), high tide zone (salinity 2.1 %), and supratidal zone (salinity 0.9 %). The middle tide zone was flooded regularly at each tide. The high tide zone is flooded less frequently than the middle tide zone. The supratidal zone site was flooded only in the rainy season and was generally not affected by the tide. The selection of the three sites thus provided samples that experienced different conditions with regard to the salt concentration. Samples were collected during May 2012. From each site, ten plants of P. australis were randomly chosen and samples of three different plant tissues comprising ten leaves, fragments of stems and roots, were collected. All samples were stored in plastic bags on ice and transported to the laboratory within 24 h. DNA extraction and PCR amplification of prokaryotic 16S rDNA The leaf, stem, and root samples were rinsed under running tap water for 10 min and then cut into 10-mm pieces before surface sterilization. The tissue fragments were surface-sterilized in 95 % ethanol for 30 s with shaking, followed by a 10 % bleach treatment (0.5 % NaOCl) for 2 min and 70 % ethanol for 2 min. About 0.5 g of the surface-disinfected reed tissues were frozen with liquid nitrogen and ground to a fine powder in a sterilized and precooled mortar. Then, the cetyltrimethyl ammonium bromide procedure was used to extract the total DNA (Springer 2010) . The DNA was resuspended in sterile Milli-Q water.
Bacterial 16S rRNA genes were amplified using primer 799F (5 0 -AAC AGG ATT AGA TAC CCT G) paired with a fluorescently labeled degenerate reverse primer 1392R (5 0 -6-FAM-ACG GGC GGT GTG TRC) (Chelius and Triplett 2001) . Archaeal 16S rRNA genes were amplified using UniArc8F (5 0 -YCY GKT TGA TCC YGS CRG) paired with a fluorescently labeled degenerate reverse primer, UniARc931R (5 0 -6-FAM-CCC GCC AAT TCC TTT HAG) (Chelius and Triplett 2001) . These primers are known not to amplify chloroplast or mitochondrial 16S rRNA gene of P. australis (Li et al. 2010) . Single bands of *600 bp fragments for bacteria, and 900 bp fragments for archaea, were obtained, indicating that the selected primers were suitable for studying endophytic prokaryotes in P. australis. Each DNA sample from tissues of P. australis was amplified in triplicate. PCR was carried out in 25.0 lL reaction mixtures containing 0.5 lL of tenfold diluted template DNA, 2.5 pmol of each primer, 0.5 U of Taq polymerase (Transgen, Beijing, China), 2.0 mM of MgCl 2 , 2.5 lL of buffer, and 18 lL of nuclease free water. The cycle parameters for the bacterial 16S rRNA gene were as follows: an initial denaturation at 94°C for 7 min, 35 cycles of 45 s at 94°C, 45 s at 57°C, 1 min at 72°C, and a final elongation at 72°C for 10 min. The cycle parameters for archaea were as described for the bacterial 16S rRNA genes but using an annealing temperature of 54°C. All primers were purchased from Sangon (Shanghai, China).
T-RFLP analysis
Triplicate PCR products were confirmed with electrophoresis in 1.5 % agarose gels and purified with the TIANGel Purification Kit (Tiangen, Beijing, China). The purified PCR products of bacterial and archaeal 16S rRNA genes were then digested with the restriction endonucleases HaeIII and RsaI, respectively (Fermentas, Hanover, USA), using 10 units of the respective enzyme for digesting 100 ng of PCR product. Samples were incubated at 37°C for 3 h followed by heating to 65°C for 5 min to terminate enzymatic activity. The fragments were separated by capillary electrophoresis on an ABI 3730XLDNA analyzer (Applied Biosystems). The lengths of the fluorescent terminal restriction fragments (T-RFs) were determined using the GeneMapper V4.0 software (Applied Biosystems). Fluorescence signals of T-RFs in the range of 50-800 bp were extracted and aligned with tprof package (www.github.com/binma/ tprof). Relative abundance of each T-RF within the range of 50-800 bp was determined based on the relative peak area of the corresponding T-RF in a sample.
Statistical analyses
All statistical analyses were implemented using various packages within the R statistical computing environment. Based on the data obtained via T-RFLP analysis, the Shannon diversity index was calculated using the diversity and vegdist functions of the vegan package. Venn plots were generated with the venneuler package.
Non-metric multidimensional scaling (NMDS) was used for unconstrained ordination of bacterial and archaeal communities. Analysis of similarities (ANO-SIM) was performed based on 999 permutations to test whether bacterial or archaeal communities were significantly different among tissues or sample sites. Canonical correlation analysis (CCA) was used for community constrained ordination since the values of the first axis lengths in detrended correspondence analysis (DCA) were greater than four. The sampling location and type of plant tissue were selected as constraints in CCA. The vegan package was used for NMDS, DCA and CCA analyses.
Networks are useful for showing the composition of, and interactions between, multiple elements in communities (Bascompte 2009 ). An adjacency matrix of T-RFs was constructed based on the pairwise Spearman's rank correlations of relative abundances of R-TFs among all samples. If two different T-RFs were significantly correlated (P \ 0.05), then their adjacency relationship was set to 1. Otherwise they were set to zero. A network plot was then generated based on the adjacency matrix with network package.
Results
Diversity of endophytic bacteria and archaea
The 16S rRNA gene sequences of both bacteria and archaea were successfully PCR amplified and analyzed using T-RFLP. The Shannon indices of bacterial and archaeal communities in samples are shown in Fig. 1 . Overall, the bacterial diversity (means ranged from 2.1 to 3.4) was significantly higher than the archaeal diversity (means ranged from 1.0 to 1.5) (Student's t test, N = 9, P = 0.01). In terms of different plant tissues, bacterial diversity was significantly higher in roots than in leaves (Tukey's HSD, N = 3, P = 0.03). However, bacterial diversity was similar at different sampling sites along the salinity gradient. Moreover, the archaeal diversity was not significantly different among plant tissues (P = 0.97) or sampling locations (P = 0.82).
Distribution of bacterial and archaeal phylotypes in tissues and sampling sites
The distribution of bacterial and archaeal phylotypes was revealed through presence or absence of T-RFs (Fig. 2) . The number of unique T-RFs in the roots (61) was significantly greater than in the stems (29) or leaves (6). Approximately 70 % of root bacterial T-RFs were present uniquely in roots (Fig. 2a) . However, about 51 and 30 % of bacterial T-RFs were unique to stem and leaf tissues, respectively. Only 6.3 % of bacterial T-RFs were present in all three parts of the plant. The numbers of bacterial T-RFs were similar in samples from different sampling sites along the salinity gradient (Fig. 2b) . About 12 % of bacterial T-RFs were present in samples from all sampling sites. Less than half of the bacterial T-RFs were unique in samples from all sampling sites.
The numbers of archaeal T-RFs were identical in roots (11), stems (11) and leaves (11), but varied among plants from different sampling sites (Fig. 3) . Approximately 20 % of archaeal T-RFs were present in all the three tissues. About 54 % of archaeal T-RFs were present in P. australis collected from the high tidal zone but less than 40 % of archaeal T-RFs were present in plants from both the middle and supratidal zones.
Network analysis of endophytic bacteria and archaea
The network plot showed the interaction or co-occurrence of the bacterial and/or archaeal endophytes based on the significant correlations among the T-RFs detected in different tissues (Fig. 4) . Apart from three separate nodes and a seven-node subnet, all other 138 nodes belonged to a major subnet that was subdivided into eight groups. Unique T-RFs in the roots were in groups 1-4 whereas unique ones in the stems were mainly in groups 5 and 6. Four of the unique T-RFs in the leaves were in group 7, which connected with group 5; the remaining five unique T-RFs in the leaves were in group 9, which formed a separate subnet unconnected to the major subnet. Twenty-six nodes in group 4 were T-RFs uniquely present in plants from the supratidal zone. Nineteen unique T-RFs from the middle tidal zone belonged to group 5 indicating that they were present in the stems. The unique T-RFs from the high tidal zone belonged to groups 4, 6 and 9, which were related to the root, stem and leaf samples, respectively. Common T-RFs were generally responsible for connecting the eight groups of the major subnet.
Ordination of endophytic prokaryotic communities
In the NMDS plots, the bacterial communities from the same plant tissue clustered together, except for those from the stems (Fig. 5a ). Bacterial communities were significantly different among tissues (ANOSIM, P = 0.03), but not among sampling sites (ANOSIM, P = 0.49). Community structure of bacteria in stem samples collected from the supratidal zone were very similar to these in roots sampled from different tidal zones, whereas those from the middle tidal zone were closer to the bacterial communities in the leaves obtained from all three sampling sites. The distance between bacterial communities in the stems of plants from the high tidal zone and all others in the ordination plot was large. NMDS analysis of the archaeal communities recovered three groups representing the three sampling sites (Fig. 5b) . ANOSIM indicated that the differences in the archaeal communities were statistically significant for samples grouped by sampling site (P = 0.02), but not for those clustered by tissue type (P = 0.89).
CCA analyses revealed that these two factors (plant tissue and sampling site) together explained 58.3 % of the bacterial community variation, including 30.8 % by plant tissue and 27.5 % by sampling site. The first three canonical axes explained 80.5 % of bacterial community variation in P. australis and were attributed to selected environmental constraints (Fig. 6 ). Endophytic bacterial communities in roots were located in a positive position of the first canonical axis, whereas communities from stems and leaves were located in negative positions. Communities from different sampling sites can be recognized on the second canonical axis. The third canonical axis can distinguish the communities in stems versus leaves. Approximately 54.6 % of archaeal community variation was explained by plant tissue and sampling site, with 24.6 % explained by plant tissue and 30.0 % by sampling site. Approximately 90 % of archaeal community variation was explained by the first three canonical axes (Fig. 7) . Endophytic archaeal communities from the high tidal zone were located in a positive position on the first canonical axis, whereas all communities from middle-and supratidal zones were located in negative positions.
Discussion
Higher bacterial diversity in roots and similar archaeal diversity in three types of tissues Using culture-independent approaches, this study compared the diversity and community structure of endophytic bacteria and archaea in different tissues of a common coastal plant species, P. australis. Our results showed that bacterial diversity in root samples of P. australis was higher than those in the stem and leaf samples (P \ 0.05, Figs. 1, 2) . This is consistent with a recent study on culturable bacterial endophytes of P. australis growing in a reservoir in China . A similar result has been obtained from studies on other plant species, e.g. Cucumis sativus and O. sativa (Mano et al. 2007; Mano and Morisaki 2008) . It is also noteworthy that, in the present study, some endophytic bacterial phylotypes present in the stems and leaves were absent from the root of the same plant (Fig. 6a) . This is in line with Mano et al. (2007) who reported that *70 % of the endophytic bacteria within the leaves of rice plants could come from the phyllosphere. Similarly, Chen et al. (2012) showed that different strains and abundances of the culturable endophytic bacteria were present in different parts of P. australis.
Endophytic bacterial communities were differentiated among tissues, but similar among sampling zones Our results showed that endophytic bacterial communities were significantly different among tissue types (ANOSIM, P \ 0.05; Fig. 5a ), but not among sample zones (P = 0.49), suggesting that tissue type is more important than sampling zone in structuring the endophytic bacterial community in P. australis. This is consistent with the CCA analysis which showed that tissues and sampling zones respectively explained 30.8 and 27.5 % of the variation in the community structure (Fig. 6) , Therefore, both our study and previous investigations indicate that different tissues of a plant usually host different assemblages of both culturable and uncultivated endophytic bacteria, and roots host higher bacterial diversity than stems or leaves.
The higher diversity in roots can be attributed to the fact that most endophytic bacteria are derived from the soil, although there are other sources including the spermosphere, anthosphere, caulosphere and phyllosphere (Mano and Morisaki 2008; Compant et al. 2012) . Chi et al. (2005) observed that gfp-tagged endophytic Rhizobia migrated from roots to leaves in healthy rice plant. Some rhizoplane-colonizing bacteria can penetrate plant roots, and some strains may move to stem and leaves, with a lower bacterial density in comparison to root-colonizing populations (Compant et al. 2010) . Sturz et al. (1997) also showed that 87 % of the endophytic bacteria in the lower foliage of red clover were isolated from inside the roots and root nodules, but only 58 % from upper foliage were also isolated from inside the roots and root nodules. The lower endophytic bacterial diversity in the leaves and stems could be related to the relatively low diversity of bacteria in the phyllosphere, where they are exposed to stress factors such as UV radiation, desiccation, reactive oxygen and lack of nutrients (Lindow and Brandl 2003) . A logical hypothesis is that the life span (i.e. annual or perennial) of the plant species may also influence the diversity and composition of bacterial endophytes in different tissues especially those in leaves, given that most endophytes are derived from soil and migrate from the root to other tissues. Higher endophytic bacterial diversity in roots, and differentiated bacterial communities among leaf, stem and root samples, are clearly supported by our study of a perennial plant species, P. australis, which loses its leaves seasonally in temperate climates. However, to what extent the diversity and community composition of endophytes differ between annual and perennial plant species warrants further investigation. Similar diversity of endophytic archaea among tissues or sampling zones Data on endophytic archaeal diversity are sparse. Our results confirm the presence of archaeal endophytes in P. australis. Compared with bacterial endophytes, the diversity of endophytic archaea was much lower. Similarly, a few unique archaeal phylotypes were detected from root samples of Z. mays and O. sativa using clone library analysis and sequencing (Chelius and Triplett 2001; Sun et al. 2008) . Furthermore, the present study showed that there were negligible differences in archaeal diversity among sampling sites or tissues of P. australis (P [ 0.05, Fig. 1 ), suggesting that the archaeal colonization in roots is minor and their migration from roots to stems and leaves is not as prevalent as their bacterial equivalent. Conversely, seeds could be an important source of endophytic archaea in P. australis, as it has been shown that other seed-borne prokaryotes (bacteria) can be found in both above-and below-ground parts of the plant (Mano and Morisaki 2008) .
Endophytic archaeal community was differentiated among sampling zones, but not among tissue types Interestingly, the endophytic archaea showed a different distribution pattern as compared with their bacterial equivalent in P. australis. Sampling zone (P \ 0.05), not tissue type (P = 0.89), significantly affected the community composition of archaeal endophytes with a larger proportion of community variation explained by sampling zones (30.0 %) than tissues (24.6 %) (Figs. 5b, 7) . The salinity concentrations in the middle and high tidal zones were expected to be much higher than that in the supratidal zone which was never flooded by sea water. Plant tissues provide a relatively uniform and protective environment for microorganisms compared to soil, which is subject to wide fluctuations in the osmotic potential. As most endophytic prokaryotes invade the plant through wounds at the points of lateral root emergence (Mano and Morisaki 2008) , the invasion by bacteria of plants growing in the middle and high tidal zones could be suppressed since the lateral root development is reduced by salt stress (He et al. 2005) , and this would not be the case for plants growing in the supratidal zone. Nevertheless, the differential distribution patterns of bacterial and archaeal endophytic assemblages along the salinity gradient might imply that their ecological functions are different in P. australis.
The network analysis showed a major subnet with 138 nodes that were primarily from roots and stems (Fig. 4) , suggesting that most (138/148) prokaryotic phylotypes in these two tissues co-exist, or interact with each other, either directly or indirectly. By contrast, five out of the seven nodes in the isolated group 9 were unique R-TFs from leaves, indicating that prokaryotic communities in the leaves were relatively independent of these in roots and stems. These associations further support a similar origin for colonized endophytes in roots and stems, but a different one for that in leaves. The co-occurrence of these phylotypes could be a consequence of endophytic bacteria competing with each other, and with other endophytic microorganisms such as fungi, for space and nutrients within a plant (Mano and Morisaki 2008) . The eight groups of the major subnet were connected generally by common T-RFs, highlighting the important role of generalist endophytic phylotypes in the network organization.
In summary, this study provides the first insight into the diversity of endophytic bacteria and archaea in different types of tissues of P. australis growing along a salinity gradient. Based on the T-RFLP profiling data, we show that tissue type impacts the Shannon diversity of endophytic bacteria, but not archaea, whereas neither bacterial nor archaeal Shannon diversity is affected by sampling zone. Both this and previous investigations on other plant species provide evidence that roots generally host more diverse bacteria than stems and leaves. The high bacterial diversity in roots could be attributed to bacterial invasions from soils. Bacterial, but not archaeal, community structure changes significantly among tissues. Among tidal zones, however, significant differences can be detected for archaeal, but not for bacterial, communities. Overall, these findings imply different roles of endophytic bacteria and archaea in the host plant. While our study has showed an example of a perennial plant species, to what extent the diversity and community composition of endophytes differ between annual and perennial plant species warrant further investigation. It is noteworthy that the T-RFLP method usually masks rare phylotypes in a given community. However, in the near future, it should be possible to apply next generation sequencing for more samples across time and space, in order to depict a more accurate picture of endophytic communities in plants.
